INTRODUCTION {#S1}
============

Monoclonal antibodies (mAbs) against tumor-specific or lineage-specific antigens are effective treatments for a growing number of cancers. Most of the mAbs used in the clinical setting target surface proteins that although expressed by normal cells, have distinct expression patterns on the malignant cells. However, the majority of onco-mutated proteins and tumor-specific antigens are expressed within the tumor cell, in the nucleus or cytoplasm; targeting such proteins with mAbs has proven to be a difficult task. Nevertheless, intracellular proteins can be valuable targets for immunotherapy. In acute myeloid leukemia (AML), a neoplasm largely resistant to conventional therapies, the potential of allogeneic hematopoietic stem cell transplantation (HSCT), a proven potentially curative therapy, is due to its graft-versus-leukemia effect that is mediated by donor cytotoxic T lymphocytes (CTL). ^[@R1]^ Specifically, peptides from intracellular proteins within the AML blasts are processed and presented on cell surface major histocompatibility class I (MHC-I) antigens. These peptide/MHC-I complexes are recognized by the T cell receptor (TCR) on CD8^+^ CTL, which in the appropriate tumor environment can eliminate the malignant cells.^[@R2],\ [@R3]^ TCR-like mAbs that target peptide/MHC-I on the tumor cell surface have been developed and are promising as novel cancer immunotherapies.^[@R4]--[@R7]^ While the TCR binds to cognate peptide/MHC ligands with low affinity because of rapid off-rates,^[@R8],\ [@R9]^ TCR-like mAbs bind to surface peptide/MHC-I with several orders of magnitude higher affinity and therefore may have therapeutic advantages.^[@R4],\ [@R5],\ [@R10]--[@R12]^ Despite the technical challenges of developing mAbs with specificity for peptides in the context of MHC-I, a number of TCR-like mAbs targeting intracellular tumor-associated antigens have been investigated, and a few have shown promising activity against tumor cell lines,^[@R6],\ [@R7],\ [@R13]^ including leukemia cell lines.^[@R14],\ [@R15]^

PR1 is a human leukocyte antigen HLA-A2 restricted 9-mer peptide derived from the myeloid serine proteases proteinase 3 (P3) and neutrophil elastase (NE),^[@R10]^ which are normally contained intracellularly within azurophilic granules in normal granulocytes. NE and P3 have been shown to be aberrantly expressed in AML and chronic myeloid leukemia (CML).^[@R2],\ [@R16],\ [@R17]^ PR1-specific CTL have been shown to lyse malignant and dysplastic cells in AML, CML, and myelodysplastic syndrome (MDS), and were also have been shown to contribute to cytogenetic remission in CML.^[@R3],\ [@R18]--[@R20]^ We developed a TCR-like mouse mAb, 8F4, which binds to the PR1/HLA-A2 complex on the surface of AML.^[@R21]^ 8F4 mediates both complement-dependent cytotoxicity (CDC) and antibody-dependent cellular cytotoxicity (ADCC) of AML. Importantly, 8F4 inhibits leukemia stem cells (i.e. LSC) but not normal hematopoietic progenitor cells in *in vitro* colony forming assays.^[@R21]^ However, the *in vivo* effect of 8F4 on primary leukemia cells has not been explored.

Here, we studied the *in vivo* effects of 8F4 in a patient-derived xenograft (PDX) model. Specifically, primary cells from patients with a variety of AML subtypes were inoculated into NOD *scid* IL2 receptor gamma-chain knock out (NSG) mice.^[@R22]^ We show that treatment of established AML xenografts with 8F4 reduced human AML. In secondary transfer experiments, we found that 8F4 depleted AML, including cells with self-renewing potential. Taken together, our findings justify the further development of 8F4 as a potential therapeutic agent for patients with AML.

MATERIALS AND METHODS {#S2}
=====================

Patients and donors {#S3}
-------------------

Human AML samples were collected from patients treated at the University of Texas MD Anderson Cancer Center (MDACC) after obtaining written informed consent under protocols approved by MDACC Institutional Review Board (IRB). The HLA status of the patients and other data, including previous treatments and outcome, were obtained from the patients\' electronic medical record. The HLA testing was conducted at the MDACC HLA typing Laboratory. Patients UPN1--4, UPN7 and UPN8 were molecularly typed as HLA-A02:01:01; patient UPN5 had serologic typing only and was identified as HLA-A2. Mononuclear cells were separated by gradient density centrifugation using histopaque 1077 (Sigma-Aldrich).

Assessment of PR1/HLA-A2 expression and susceptibility to 8F4-mediated cytotoxicity {#S4}
-----------------------------------------------------------------------------------

8F4 mAb was generated in BALB/c mice as previously described. ^[@R21]^ 8F4 was affinity purified from hybridoma supernatant and directly conjugated to Alexa-647 fluorochrome (Invitrogen). To assess PR1/HLA-A2 expression, samples were stained in the presence of blocking antibody bb7.2, as described. ^[@R21]^ To account for variance in staining conditions performed on different days, 8F4 median fluorescence intensity (MFI) was normalized to the MFI of IgG-binding compensation beads (eBioscience), stained with 8F4 (maximum \[Max\] MFI); PR1/HLA-A2 expression was reported as % Max MFI.

To study susceptibility of samples to 8F4-mediated killing flow cytometry-based CDC assay was used as described. ^[@R21]^

Mouse model {#S5}
-----------

NOD.Cg-Prkdc^scid^ Il2rg^tm1Wjl^/SzJ (NSG), NOD.Cg-*Prkdcscid* Tg(HLA-A2.1)1Enge/DvsJ (NOD s*cid*/HLA-A2), NOD.CB17-*Prkdcscid*/J (NOD *scid*), C57BL/6-Tg(HLA-A2.1)1Enge/J (B6/HLA-A2), and C57BL/6J (B6) female mice were purchased from the Jackson Lab and housed at MDACC with the Institutional Animal Care and Use Committee approved protocol. AML cells were intravenously (IV) injected into mice as previously described.^[@R22],\ [@R23]^ Briefly, 6--10 weeks old mice received sub-lethal irradiation before tail vein injection with 1--10 × 10^6^ human AML cells per mouse. For *ex vivo* treatment, 8F4 or isotype-matched mouse IgG2a specific to keyhole limpet hemocyanin (20 μg/ml, R&D Systems) were added to AML cell suspensions and incubated on ice for 30 min before injection. AML engraftment was assessed intermittently in the peripheral blood (PB) by tail bleeding and analyzing the % of AML cells by flow cytometry. For treatment, mice were allocated to treatment or control groups by matching %AML in PB. 8F4 or mouse IgG (IgG, Jackson ImmunoResearch) were injected using varying schedules.

Animals were sacrificed 3--4 days after the last mAb treatment and tissues were harvested. Secondary transplantation was performed according to published protocol.^[@R24]^ Briefly, cells, isolated from the BM or spleen of the mAb-treated primary mice, were IV transplanted into secondary recipient. BM, liver, and spleen were harvested 8--16 weeks following transplant and were analyzed for engraftment. Human cells in mouse blood or in the single-cell suspensions from mouse tissues were reported as the percentage of mouse (mo) CD45^−^/human (hu) CD45^+^/ HLA-A2^+^ cells within live singlet cell populations. For HLA-A2^−^ samples, HLA-DR, CD13, or HLA-ABC were used as secondary markers to confirm the presence of human cells. Human lineage (Lin) antibodies targeting CD3, CD4, CD8, CD19, CD20, CD14, and CD16, as well as CD34 and CD38 fluorescently conjugated antibodies were used for analysis of AML LSC, defined as CD34^+^CD38^−^Lin^−^. Data were acquired on an LSR Fortessa flow cytometer (BD Biosciences) and analyzed using FlowJo software Ver. 9.3.2 (Tree Star). For histologic analysis of mouse tissue, formalin-fixed tissues were embedded in paraffin, sectioned and stained with hematoxylin and eosin (H&E) stain. Pathology, bacteriology and virology studies were performed at the MDACC Department of Veterinary Medicine and Surgery.

To study 8F4 pharmacokinetics, NSG mice (female, 10 months old) received a single intravenous injection of 8F4 (10 mg/kg). At the indicated time points, tail blood was drawn, serum was separated, frozen, and later analyzed by ELISA, as described, ^[@R21]^ for 8F4 concentration.

To model 8F4 effect on normal HLA-A2^+^ hematopoiesis, we injected 8F4 (10 mg/kg, 3 times per week for total 10 injections) into HLA-A2 transgenic B6 mice (B6/HLA-A2). Complete blood count (CBC) was monitored using SCIL Vet ABC plus hematology analyzer (Scil animal care company Ltd., Gurnee, IL) before 8F4 and, starting 1 week after last injection, as indicated. At week 16, bone marrow cells were stained with antibodies specific for mouse GR-1 and analyzed by flow cytometry.

Statistical analysis {#S6}
--------------------

Data are presented as mean ± SEM. Student's t test (unpaired, two-sided) was used to study differences between groups; Kaplan-Meier analyses and log-rank tests were used in the survival comparisons; two-phase exponential decay model was used for analyzing 8F4 pharmacokinetics. Statistical analysis was performed with GraphPad Prism 6 (GraphPad Software, Inc). P values of \<0.05 were considered to be significant.

RESULTS {#S7}
=======

Pre-treatment with 8F4 prevents AML engraftment in mouse models {#S8}
---------------------------------------------------------------

We previously showed that HLA-A2^+^ AML cells are susceptible to 8F4-mediated CDC *in vitro.* ^[@R21]^ To determine whether 8F4 is active against leukemia *in vivo*, we set up xenotransplantation models of primary leukemia cells from AML patients using NSG mice. ^[@R25]^ We screened available cryopreserved AML blasts from peripheral blood (PB) or leukapheresis (LP) samples for their ability to initiate leukemia in mouse models. ^[@R22],\ [@R24]^ Mouse BM was analyzed for the presence of human AML three to four weeks after injections. We identified 10 patient samples that successfully engrafted into NSG mice (UPN1--5, UPN7 and UPN8) or NOD *scid*/HLA-A2 mice (UPN 6, 9--10); engraftment was defined as the detection of 0.25 -- 76% AML in the mouse BM. These samples were subsequently used in *in vivo* experiments. Patient characteristics, including AML FAB subtype, cytogenetics, molecular abnormalities and response to therapy are shown in [Table 1](#T1){ref-type="table"}. Samples were acquired from patients with primary refractory or relapsed AML who had \>65% circulating blasts. Furthermore, with the exception of 1 patient (UPN4), all patients died of progressive disease within 3 months of sample collection. The selected samples were studied for PR1/HLA-A2 expression and susceptibility to 8F4-mediated CDC *in vitro* ([Supplemental Figure S1](#SD1){ref-type="supplementary-material"}). Consistent with our previous report, PR1/HLA-A2 expression was variable in HLA-A2^+^ AML samples.

Nevertheless, all the HLA-A2^+^ AML samples that were examined were susceptible to 8F4-mediated CDC with 22 -- 99 % specific lysis, and their lysis correlated with PR1/HLA-A2 expression ([Supplementary Figure S1](#SD1){ref-type="supplementary-material"}).

Next, we tested samples in a pre-treatment model^[@R24]^ in which AML cells were incubated with 8F4 or isotype-control antibody IgG2a (IgG) prior to injection into NSG mice. Co-incubation of AML specimens from UPN1--4 with 8F4 *ex vivo* prevented the engraftment of the AML in the mouse BM, spleen, or liver ([Figure 1](#F1){ref-type="fig"}). 8F4 did not inhibit the engraftment of HLA-A2^−^ control UPN9. These results were confirmed with H&E staining of mouse tissues (representative data shown in [Figure 1B](#F1){ref-type="fig"}). Similar results were shown in HLA-A2 transgenic mice (NOD *scid*/HLA-A2**,** [Supplementary Figure S2](#SD1){ref-type="supplementary-material"}). Engraftment of UPN1 and UPN5, but not of HLA-A2^−^ sample UPN6, was prevented when the sample was pre-mixed with 8F4. Because NOD *scid*/HLA-A2 mice have a low level of PR1/HLA-A2 expression on BM cells ([Supplementary Figure S3A](#SD1){ref-type="supplementary-material"}), similar to that observed in HLA-A2^+^ leukemia patients, ^[@R21]^ this is a highly relevant model. Unfortunately, NOD *scid*/HLA-A2 is much less permissive in terms of engraftment of primary leukemia and thus we used the more permissive NSG model^[@R26]^ to conduct subsequent experiments.

8F4 reduces established AML in NSG mice {#S9}
---------------------------------------

To determine whether 8F4 can eliminate established leukemia, we injected AML cells from 4 patients (UPN1, 2, 7, and 8) into NSG mice ([Figure 2](#F2){ref-type="fig"}). After leukemia engraftment for each individual sample was confirmed in PB of all mice, and in BM of one or two mice in each group, we administered 8F4 until the time of sacrifice ([Figure 2A](#F2){ref-type="fig"}). The treatment schedule was chosen based on a two-phase exponential elimination of 8F4 in NSG mice with a relatively short initial fast phase serum half-life of 3-hours, followed by a slow terminal phase with a half life of 93 hours ([Supplementary Figure S4](#SD1){ref-type="supplementary-material"}). After 5 weeks of treatment, UPN1 leukemia was undetectable (\<0.01%) in the BM of four out of five 8F4-treated mice (mean, 0.19 ± 0.19% cells, n=5) compared to control animals (20.4 ± 4.1%, n=5; p=0.0011) ([Figure 2B](#F2){ref-type="fig"}). Correspondingly, UPN1 leukemia infiltrated the liver (7.7 ± 0.16%) and spleen (1.4 ± 0.17%) of IgG-treated mice, but was undetectable in these same organs of 8F4-treated mice. Similarly reduced levels of AML were observed in BM ([Figure 2B](#F2){ref-type="fig"}), liver and spleen (data not shown) in the 3 other AML samples, treated with 8F4 (data not shown). In a control experiment, mice that were transplanted with the HLA-A2-negative sample UPN10 showed similar levels of BM leukemia and blood chimerism as untreated mice after ten 8F4 injections ([Figure 2B](#F2){ref-type="fig"}). Growth of leukemia was also seen with HLA-A2-negative AML sample, UPN9, after treatment with 8F4 ([Supplementary Figure S5](#SD1){ref-type="supplementary-material"}).

Additionally, the effect of low doses of 8F4 on established leukemia from sample UPN1 was investigated. Low-dose weekly injections of 8F4 at 2 mg/kg and 0.5 mg/kg eliminated peripheral blood AML in mice with established disease ([Supplementary Figure S6](#SD1){ref-type="supplementary-material"}). Taken together, these results show that 8F4 is highly active against treatment-refractory primary human HLA-A2-positive AML in established AML treatment NSG model.

8F4 treatment prolongs survival of mice with established AML {#S10}
------------------------------------------------------------

To determine the effect of 8F4 on the survival of mice with AML xenografts, we studied AML from UPN8, a patient with a high leukemia burden who had hemi-paralysis from leptomeningeal AML involvement. In untreated mice, circulating blasts reached mean 35% ± 8% (n=3) by week 4, with a concurrent 23.3% weight loss. At week 5, approximately 50% of mice containing UPN8 AML developed hind limb paresis and all mice became moribund with a mean of 59.2% ± 7% AML in the PB (n=4, data not shown). At week four, 3 x 10^6^ splenocytes containing \> 50% blasts from untreated mice were transferred to secondary recipient mice. After engraftment was established at 1 week, mice were treated with 10 mg/kg 8F4 or IgG 3-times weekly. Median survival of 8F4-treated mice was 50 (n=9, range 47 to 53) days compared to 34 days in the IgG-treated group (n=10, range 29 to 44; p \< 0.0001; [Figure 3A](#F3){ref-type="fig"}). In addition, the leukemia burden was significantly lower in the 8F4-treated group, compared to the isotype-treated group at week 4, as shown by fewer circulating blasts in [Figure 3B](#F3){ref-type="fig"} (mean 0.33 ± 0.08%, n=9, versus 38.8 ± 2.3%, n=11; p \< 0.001). Furthermore, 8F4-treated mice had a normal spleen size (51.4 ± 8.3 mg, n=7 versus 272.7 ± 19.0 mg, n=7; p \< 0.01 [Figure 3C](#F3){ref-type="fig"}) and, in contrast to isotype-treated mice, histological analysis of 8F4-treated mice showed absence or significant reduction of AML in spleen, lungs, stomach and liver ([Figure 3D](#F3){ref-type="fig"}), as well as kidney, adrenal glands, heart, bone marrow, intestine, lymph nodes and pancreas (data not shown). Although 8F4-treated mice showed a significant survival advantage and lower disease burden, the animals succumbed from leukemia accumulation in the central nervous system (CNS), suggested by the observed paresis in the mice, and confirmed by histological analysis, which demonstrated extensive AML tumor infiltration in the brain, head tissues and in the spinal cord ([Supplementary Figure S7](#SD1){ref-type="supplementary-material"}). This is not surprising since IgG do not efficiently penetrate the blood-brain barrier.^[@R27]^ These data therefore confirm that 8F4 treatment can significantly reduce highly aggressive human leukemia xenograft and as a result can extend survival.

8F4 reduces leukemia-initiating potential of AML {#S11}
------------------------------------------------

Critical to the success of AML therapy is the complete elimination of the malignant clone from which the AML is derived. Previous reports have suggested that AML evolves from a population of cells having CD34^+^CD38^−^Lin^−^ phenotype that are enriched for leukemia-initiating cells or leukemia stem cells (LSC).^[@R28]^ Self-renewing capacity of LSC can be confirmed using serial transfer mouse models.^[@R25],\ [@R28]^ Previously, we reported that PR1/HLA-A2 is expressed on LSC.^[@R21]^ We also showed that 8F4 mediated CDC lysis of LSC and inhibited leukemia colony growth. ^[@R21]^ Thus, to test whether 8F4 is active against LSC *in vivo*, we enumerated CD34^+^CD38^−^Lin^−^ LSC in the BM of 8F4- and isotype-treated NSG mice that were engrafted with AML from either UPN1 or UPN7. Experiments were performed according to the scheme shown in [Figure 2A](#F2){ref-type="fig"}. CD34^+^CD38^−^Lin^−^ LSC were present prior to treatment in mice with UPN1 and UPN7, as shown in [Figure 4A](#F4){ref-type="fig"}. However, after only 4 doses of 8F4 (twice weekly), overall leukemia burden in the BM decreased and LSC were undetectable in 8F4-treated mice with established UPN1 and UPN7 compared with IgG-treated mice ([Figure 4A](#F4){ref-type="fig"}).

To confirm that 8F4 targets a leukemia cell population with self-renewing capacity, we performed secondary transfer experiments. Primary NSG mice were engrafted with UPN2 and then, starting on week 7, injected with 10 mg/kg of 8F4 or IgG three times weekly for 3 weeks, as summarized in [Figure 4B](#F4){ref-type="fig"}. Because a residual non-LSC population was still detectable in the transferred bone marrow from 8F4-treated mice (0.11%, see [Supplementary Figure S8](#SD1){ref-type="supplementary-material"}), we performed secondary transfer experiment to determine whether persistent leukemia would grow in untreated secondary recipient mice. At 16 weeks after secondary transfer, AML was undetectable in blood (not shown), BM, spleen and liver ([Figure 4C](#F4){ref-type="fig"}) of mice that received BM from 8F4-treated animals while AML was observed in recipients that received BM from IgG-treated mice. Therefore, both *in vitro* and *in vivo* experiments demonstrate the activity of 8F4 against primary human AML, including cells with self-renewing potential, such as LSC.

8F4-induced granulocytopenia in HLA-A2 transgenic mice is reversible {#S12}
--------------------------------------------------------------------

Although PR1/HLA-A2 is overexpressed in AML blasts and LSC, it also can be detected on normal PB monocytes and BM myeloblasts, including normal hematopoietic stem cells. ^[@R21]^ Consistent with PR1/HLA-A2 expression, we have shown that 8F4 mediates relatively low-level CDC in normal BM samples, including Lin^−^CD34^+^CD38^−^ populations; however, as described previously, it did not show inhibition of colony-formation from healthy donor BM. ^[@R21]^

Because the human PR1 sequence is conserved in both human and mouse NE and P3, ^[@R29]^ we tested whether 8F4 treatment prevents normal HLA-A2+ hematopoiesis *in vivo* using HLA-A2 transgenic B6 mice (B6/HLA-A2). We first confirmed PR1/HLA-A2 expression in B6/HLA-A2 BM and showed a similar expression level of PR1/HLA-A2 between mouse and normal HLA-A2^+^ human BM cells ([Supplementary Figure S3B](#SD1){ref-type="supplementary-material"}).^[@R21]^

B6/HLA-A2 mice were injected with 8F4 (10 mg/kg) 3 times weekly for a total of 10 injections, the dosing schedule in which 8F4 showed effective elimination of established AML in NSG treatment model ([Figure 2](#F2){ref-type="fig"}--[3](#F3){ref-type="fig"}). As shown in [Supplementary Figure S9A](#SD1){ref-type="supplementary-material"}, white blood cell (WBC) counts decreased from mean of 10.9 ± 1.2x10^3^/mm^3^ to mean 1.9 ± 0.32x10^3^/mm^3^ during the period of 8F4 administration, and then steadily recovered to 6.20 ± 2.43x10^3^/mm^3^ by week 6 post last 8F4 injection. Granulocytes decreased from a mean of 3.63 ± 0.38x10^3^/mm^3^ to 0.97 ± 0.09x10^3^/mm^3^, and then rebounded to 2.43 ± 0.78x10^3^/mm^3^. Additionally, BM granulocytes fully rebounded by week 8 post last 8F4 injection -- the termination point of the experiment ([Supplementary Figure S9B](#SD1){ref-type="supplementary-material"}), suggesting that BM myeloblasts were not depleted by 8F4. Mice treated with 8F4 maintained normal weight and did not show physical abnormalities. A detailed histologic analysis of tissues immediately after the final dose of 8F4, as well as at the recovery time point, could further explore other potential off-target effects of 8F4 and are thus planned for future studies. Overall, these data indicate that 8F4 induces reversible mild granulocytopenia with limited adverse effects on long-term hematopoiesis.

DISCUSSION {#S13}
==========

In this study, we showed that the anti-PR1/HLA-A2 mAb, 8F4, is highly active against human AML *in vivo*. 8F4 reduced a variety of AML subtypes, including relapsed and refractory AML, and, significantly, secondary AML. In addition, 8F4 treatment prolonged the survival of AML xenograft mice compared to isotype control-treated mice. Moreover, 8F4 depleted the subset of cells with self-renewing potential in secondary transfer experiments. Thus, our data support the clinical development of 8F4 as a therapeutic agent with a potent activity against aggressive leukemia.

Here we demonstrated activity of 8F4 against primary AML *in vivo*. While this study was not designed to explore the mechanism of action of 8F4 *in vivo*, we previously showed that 8F4 mediates lysis of AML *in vitro* by utilizing both CDC^[@R21],[@R30]^ and antibody-dependent cellular cytotoxicity (ADCC) mechanisms.^[@R21]^ However, because NSG mice lack a fully competent complement system,^[@R31]^ ADCC is a more likely predominant mechanism of action of 8F4 in the NSG model. In the absence of NK cells,^[@R31]^ characteristic of this model, neutrophils, monocytes and macrophages, which have been demonstrated to be active in anti tumor ADCC, ^[@R32]--[@R34]^ may play a role as effector cells. This is consistent with the mechanism of action reported for the WT1/HLA-A2 TCR-mimic antibody, which showed ADCC activity toward acute lymphocytic leukemia (ALL) cells in NSG mice. ^[@R14],\ [@R15]^ In clinical studies, including patients with FcγR gene polymorphisms, ADCC was also shown to be a primary mechanism in the FDA-approved antibodies Trastuzumab^[@R35]^ and Rituximab. ^[@R36],\ [@R37]^ Nevertheless the possibility of another mechanism, such as effector-independent apoptosis, which has been demonstrated for other TCR mimics ^[@R6]^ is also possible and currently is being explored.

To date, the primary treatment modality for AML remains chemotherapy-based; however, the prognosis of AML remains poor with a 20--30% 5-year survival rate, and median survival duration of 10--14 months. Although HSCT can be curative in AML, it carries a high rate of treatment-related mortality and morbidity, primarily a result of graft-versus-host disease.^[@R38]^ Nevertheless, myeloid leukemia is susceptible to immunotherapy, specifically HSCT, which is used as a potentially curative treatment for patients with aggressive and chemotherapy refractory disease. TCR-like antibodies provide a novel approach to the treatment of malignancies. Since they are specific for distinct tumor antigens, they have the potential of sparing normal tissues from the toxicities seen with standard cancer therapies. However, the development of TCR-like antibodies has been impeded by the difficulty in generating antibodies that target peptide/HLA class I complexes, since the HLA molecule makes up a large portion of the binding surface and therefore the antibody binds with high affinity to epitopes on the HLA molecule, compared to the peptide in the conformational epitope complex.^[@R39]^ Despite this difficulty, our group, as well as others, has been able to develop TCR-like mAbs that specifically target tumor cells.^[@R4],\ [@R6],\ [@R7],\ [@R14],\ [@R15],\ [@R21]^ And, although standard therapies can induce complete remission, relapse is common, and is postulated to be due to the outgrowth of chemotherapy-resistant LSC. Therefore, targeting the LSC is a critical component of the development of curative leukemia treatments. Cells enriched for the LSC phenotype have been defined ^[@R25],\ [@R28]^ and several investigational monoclonal antibodies have shown promising effects by eliminating LSC *in vivo.* ^[@R24],\ [@R40]^ TCR-like antibodies, however, have not been investigated for activity against LSC in *in vivo* models. Here, using primary AML cells from high-risk patients, we demonstrate via phenotyping and secondary transplant experiments that 8F4 reduced cells with leukemia-initiating potential such as LSC, consistent with our *in vitro* results.^[@R21]^ This finding validates further discovery and development of this class of antibodies as potential therapeutic agents.

The use of primary patient samples in this study allowed us to study the action of 8F4 on LSC and AML blasts. It must be recognized, however, that the use of PDX models has limitations. For example, there is heterogeneity of engraftment between different patient samples and within each sample, and the number of patients cells available for study is limited, necessitating the use of limited numbers of mice in each treatment group. We have tried to address this limitation by studying a relatively large number of patients with various forms of disease and by using cells after *in vivo* expansion by serial transplant of splenocytes in NSG recipients (UPN8, [Figure 3](#F3){ref-type="fig"}). While our data supports potent anti-leukemia activity of 8F4, potential resistance mechanisms will be important to study. For example, clonal evolution of AML can result in the loss of HLA alleles via uniparental disomy after allogeneic stem cell transplantation,^[@R41],\ [@R42]^ which could result in loss of susceptibility of the AML clone to 8F4-induced killing. Another potential limitation common for therapeutic antibodies is their inability to cross the blood-brain barrier. ^[@R27]^ This can explain the limited effect of 8F4 on AML blasts from patient sample UPN8, which infiltrated the brain and CNS of the mice and the corresponding patient from which the AML was derived ([Supplemental Figure S7](#SD1){ref-type="supplementary-material"}). Although CNS involvement is uncommon at presentation in adult AML,^[@R43]^ various strategies have been developed to deliver antibodies to the CNS.^[@R27],\ [@R44]^ Although this study did not formally test whether PR1 is presented on normal cells or whether non-PR1 peptides could be targeted by 8F4, we showed previously that PR1 is presented on myeloid precursors in the bone marrow at a low level, ^[@R21]^ which supports the likelihood that PR1 also may be presented on normal leukocytes. Thus, granulocytopenia after treatment with 8F4 could present a potential risk for humans, as supported by toxicity observed in the HLA-A2 transgenic B6 mouse model ([Supplemental Figure S9](#SD1){ref-type="supplementary-material"}).

Finally, in view of the heterogeneity of AML, it is unlikely that any single antigen will be consistently expressed in all leukemia. Furthermore, loss of tumor antigens is a well-known phenomenon used by tumor cells to evade recognition by the immune system.^[@R45]^ Other investigators have studied antibodies targeting other surface antigens in AML, which are expressed on LSC.^[@R24],\ [@R40],\ [@R46]^ Taken together with our data, this suggests a rationale for combination therapies of antibodies that have different mechanisms of action, which can target different pathways in leukemia and ultimately eradicate the disease.

In conclusion, this study shows that the TCR-like antibody 8F4 has potent activity against primary human AML *in vivo*. Based on these results, we have begun to produce and characterize a humanized 8F4 antibody, which could be developed for clinical testing. Our findings here also justify the future development of TCR-like antibodies specific to intracellular leukemia-associated antigens for treatment of patients with AML.
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![8F4 *Ex vivo* treatment prevents engraftment of primary AML in NSG mice\
AML cells were incubated with 20μg 8F4 or isotype control mouse IgG2a monoclonal antibody (IgG) and intravenously transplanted in sublethally-irradiated NSG recipient mice. At indicated time points tissues were analyzed for the presence of leukemia cells. (**A**) Representative flow cytometry dot plots depict leukemia cells in tissues of IgG-treated mice transplanted with four HLA-A2+ (UPN1--4) and one HLA-A2- (UPN9) patient samples. The percentages of human cells (hu CD45^+^/mo CD45^−^) are shown within the gate in each plot. (**B**) Representative H&E stained bone marrow (upper panels) and liver (lower panels) slides from mice that were transplanted with UPN1 patient sample. Left panels - AML infiltration is seen in tissues of control mice following injection of AML cells treated with control IgG isotype antibody. Right panels - no AML infiltration is seen in corresponding tissues of mice injected with AML cells that were treated with 8F4.](nihms764329f1){#F1}

![8F4 treatment reduces established leukemia in NSG mice\
(**A**) The schedule of 8F4 treatment in mice transplanted with primary AML cell from patients. (**B**) Leukemia engraftment in mice, transplanted with four HLA-A2+ patient samples (UPN1, UPN2, UPN7, and UPN8) and one HLA-A2- patient sample (UPN10) was monitored by flow cytometry analysis of human cells in the peripheral blood (left panels). Increasing percentage of human AML cells in the PB of mice pre-treatment shows established and growing leukemia. Mice with established leukemia were treated with 8F4 or control antibody (IgG). Horizontal capped line in each graph in the left panel indicates the treatment period and schedule. Right panels show percent bone marrow engraftment at time of sacrifice. To confirm the BM engraftment of each sample, mice from each leukemia group were sacrificed and analyzed before treatment (Pre Rx). The percentages of human cells are shown. Data shown as mean percent human cells ± SEM of the chimerism for each treatment group (n=2--5); \* p\< .05; \*\* p\< .005. We were unable to perform statistical testing on UPN 2 and 8 samples because of sample numbers in the group.](nihms764329f2){#F2}

![8F4 treatment prolongs survival of NSG mice with established leukemia\
AML from UPN8 was expended *in vivo* by serial subsequent transplants of spleen cells in NSG recipients. Transplanted mice were treated with 8F4 or control IgG starting on day 7. (**A**) Kaplan-Meier survival curves show longer median survival in 8F4 treated mice (median 50 days, n=10) in comparison with IgG treated mice (34 days, n=9). (**B**) AML was present in the peripheral blood only in IgG-treated animals at week 4. (**C**) Spleens were enlarged only in IgG-treated mice. (B-C) Each data point represents one mouse; mean ± SEM for each group is also presented; \*\*\*\* p\< .0001. (**D**) Representative H&E-stained sections of mice, treated with 8F4 or IgG. Spleen: the extramedullary hematopoiesis and all other tissue structures present in 8F4-treated mice are completely effaced by infiltration of AML in the control mice. Lung: AML cells are diffusely infiltrated into the alveolar walls of IgG treated mice, but not in the 8F4-treated mice. Stomach: AML infiltrated diffusely between the glands of gastric mucosa and in the sub-mucosa of glandular stomach of IgG-treated mice, but not in the stomach of 8F4-treated mice. Liver: the AML cells infiltrated severely into the portal triads of liver (black arrows) of IgG-treated mice, and there was minimal or no infiltration of AML in the liver of 8F4-treated mice.](nihms764329f3){#F3}

![8F4 treatment depletes leukemia-initiating cells *in vivo*\
(**A**) Mice with established leukemia UPN1, and UPN7 were treated with 8F4 or control antibody (IgG) as indicated in [Figure 2](#F2){ref-type="fig"}. LSC were defined as Lin^−^CD34^+^CD38^−^. Zebra plots (left panel) show a representative staining of Lin- human cells in mouse BM before and after treatment with 8F4 or IgG, gated on LSC. Numbers show LSC percentage within human Lin- cells. Right panels show LSC percent (mean± SEM) of all live cells (including mouse and human) in bone marrow for each treatment group. (**B**) Secondary transfer model was used to test the effect of treatment on LSC as measured by leukemia self-renewing capacity. Mice with established leukemia (UPN2) were treated with 8F4 three times per week starting weeks 7. At week 10, residual leukemia in bone marrow from 8F4-treated mice were transplanted into secondary recipient mice. (**C**) Representative zebra flow cytometry plots of tissues from the transfer recipient mice at week 16 show no detectable leukemia in the bone marrow, spleen and liver of mice that received the AML transplant from 8F4-treated animals, indicating elimination of LSC populations (n=2--4 mice per treatment group).](nihms764329f4){#F4}

###### Patient characteristics

Summarized clinical and laboratory data of patients at the time of sample withdrawal. All samples used in this study were from patients with advanced leukemia, with high blast counts, and most of patients were refractory to therapy.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  UPN                                   Age/Sex   Leukemia Type                            WBC Count, K/ul   \% Blast   Cytogenetic and Molecular[1](#TFN2){ref-type="table-fn"} Abnormalities   Prior Treatment                                                       Treatment Status                                                                                                       
  ------------------------------------- --------- ---------------------------------------- ----------------- ---------- ------------------------------------------------------------------------ --------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------- -----------------
  1                                     76/M      2° AML (MF), M1                          58.6              81         87                                                                       47 XY,+8, JAK2+                                                       For MF: Hydrea and Decitabine.\                                                                                        Newly diagnosed
                                                                                                                                                                                                                                                                       No AML treatment                                                                                                       

  2                                     38/M      2° AML (MDS), M7                         4.0               65         64                                                                       49 XY, 51 XY complex cytogenetics, del(5),del(7)                      MDS: DecitabineARA-C/Idarubicin                                                                                        1° Ref

  3                                     61/M      M2                                       77                66         31                                                                       Hyperdiploid clone\                                                   HydreaARA-C/IdarubicinMitoxantrone/ARA-C/ Etpoposide                                                                   Rel, ref
                                                                                                                                                                                                 FLT3-ITD                                                                                                                                                                                     

  4                                     47/F      AML/ALL[2](#TFN3){ref-type="table-fn"}   116               48         68                                                                       Diploid t(9;22)\                                                      No prior treatment at time of sample.                                                                                  Newly diagnosed
                                                                                                                                                                                                 BCR-ABL b2a2                                                                                                                                                                                 

  5                                     73/F      2° AML (MDS), M5                         39.5              72         74                                                                       Pseudodiploid del(5),add(12)\                                         ARA-C/Daunorubicin                                                                                                     1° Ref
                                                                                                                                                                                                 RAS+                                                                                                                                                                                         

  6[A2−](#TFN1){ref-type="table-fn"}    42/F      M1                                       132               91         98                                                                       Diploid\                                                              N/A                                                                                                                    Newly diagnosed
                                                                                                                                                                                                 FLT3+                                                                                                                                                                                        

  7                                     81/M      2° AML (CMML)                            14                95         70                                                                       Cytogenetics, ND\                                                     DecitabineFludarabine/ARA-C/Gemtuzumab                                                                                 1° Ref
                                                                                                                                                                                                 No molecular abnormalities                                                                                                                                                                   

  8                                     47/F      M1                                       26                96         94                                                                       44 XX\                                                                ARA-C/ IdarubicinMitoxatrone/etoposideHaploidentical SCT melphalan/Fludarabine/Thiotepa                                Rel, ref
                                                                                                                                                                                                 Complex cytogenetics\                                                                                                                                                                        
                                                                                                                                                                                                 FLT3+\                                                                                                                                                                                       
                                                                                                                                                                                                 NPM1+                                                                                                                                                                                        

  9[A2−](#TFN1){ref-type="table-fn"}    71/F      2° AML (MDS)                             19                95         92                                                                       47 XX, 46 XX\                                                         lenalidomide5-azcitidine+PracinostatOno-1910 (Polo-like kinases inhibitor)Fludarabine/ARA-CCWP232291 (Wnt inhibitor)   1° Ref
                                                                                                                                                                                                 del (5)\                                                                                                                                                                                     
                                                                                                                                                                                                 +8, +17                                                                                                                                                                                      

  10[A2−](#TFN1){ref-type="table-fn"}   28/F      Ph+ ALL                                  238               77         79                                                                       46XX t(9;22)\                                                         Untreated Newly                                                                                                        diagnosed
                                                                                                                                                                                                 190 kDa BCR-ABL1 fusion protein; Monoclonal IgG gene rearrangements                                                                                                                          
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

\- HLA-A2 negative patients

Molecular analysis included PCR analysis for FLT-3, NPMP1, C-KIT, and Ras.,

Ph+ ALL 90%; AML 10%

**Abbreviations**: FAB, French-American-British morphological criteria; M, male; F, female; MF, myelofibrosis; MDS, myelodysplastic syndrome; WBC, white blood cell, PB, peripheral blasts; BM, bone marrow, ARA-C, cytarabine; Ref, refractory; Rel/ref, relapsed refractory; CR, compete remission; del, deletion; add, addition.

[^1]: Dr. Anna Sergeeva and Dr. Hong He contributed equally to this work.
